The interactive effects of N (6, 9, 12 and 15 mmol L -1 ) and K (3, 5, 7, and 9 mmol L -1 ) concentrations in nutrient solutions were evaluated on bell pepper grown in a coconut-coir substrate and fertilized without drainage. An additional treatment with drainage was evaluated using N and K concentrations of 12 and 7 mmol L -1 , respectively. The hybrid Eppo cultivar of yellow bell pepper was cultivated for 252 days beginning 9 November 2012. Electrical conductivity (EC), the N and K concentrations in the substrate solution, marketable fruit yield, total dry weight and macronutrient concentrations in shoots were periodically evaluated. Fruit production was lower in the system without drainage, regardless of the N and K concentrations, compared to the recommended 10-20% drainage of the volume of nutrient solution applied. Higher K concentrations in the nutrient solution did not affect plant production in the system without drainage for the substrate with an initial K concentration of 331.3 mg L -1 . Fruit yield was higher without drainage at a nutrient-solution N concentration of 10.7 mmol L -1
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. The upper EC limit of the substrate solution in the system without drainage was exceeded 181 days after planting. Either lower nutrient concentrations in the nutrient solution or a drainage system could thus control the EC in the substrate solution.
Introduction
The management of plant nutrition in substrate cultivation is based on the application of a complete nutrient solution by fertigation at a specific percentage of drainage of the volume applied [1] . Draining renews the substrate solution and prevents its salinization by leaching excess nutrients and other elements not absorbed by plants between each fertigation [2] . The drained nutrient solution can be stored in the reservoir to be reused in a closed system or can PLOS ONE | https://doi.org/10.1371/journal.pone.0180529 July 5, 2017 1 / 14 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
be directly discarded into the soil in an open or free-drainage system. This latter system is more common in substrate cultivation in Brazil. Soil-less cultivation with free drainage, however, has been associated with losses of large volumes of water and nutrients and with the contamination of groundwater from the release of nitrates [3, 4] . Efforts have thus recently been applied to develop management practices that reduce the release of nutrients by drainage [4] [5] [6] [7] . The drainage percentage is a function of the quality of the irrigation water, specifically its electrical conductivity (EC). As the lower is the water EC, the lower is the drainage percentage [8] . Brazil has vast water resources and excellent water quality that can be used in agriculture, with low salinity (EC <0.25 dS m -1 ) and sodium content [9] . We propose a system of fertigation management for cultivation using a substrate in which the nutrient solution, using water of good quality, is applied by fertigation based on the evapotranspirative demand of the crop without excessive application of the nutrient solution and without its drainage. Studies evaluating the cultivation of melon [10] and tomato [11] in substrates without drainage have reported successful results with this system. The relatively short cycles evaluated for these cultures, however, may have limited the increase in substrate EC and thus damage to the crop. The validation of the proposed system (no drainage) is thus needed for crops with longer cycles, such as bell pepper, whose cycle in greenhouse conditions may extend for more than 10 months [12] .
Fertigation without drainage may modify the nutrient requirement of plants due to nutrient accumulation in the substrate solution. Determining the concentrations of nutrients in the nutrient solution for promoting proper growth and production of the plants using this system is thus necessary. Bell pepper [13] requires high quantities of N and K, so determining their appropriate concentrations in the nutrient solution is of utmost importance. We tested the hypothesis that low N and K concentrations in the nutrient solution could be adequate in bellpepper fertigation in an undrained system, when irrigation water with low EC are used. The main aim of this study was thus to determine the optimal N and K concentrations in the nutrient solution for bell-pepper cultivation fertigated in an undrained substrate.
Materials and methods
An experiment was conducted at the Julio de Mesquita Filho campus of the State University of São Paulo (UNESP), Jaboticabal, São Paulo (21˚14'S, 48˚17'W; 549 m a.s.l.) in a greenhouse with a low-density polyethylene cover 150 μm thick and side and front closure with black polypropylene mesh providing 50% shade. The greenhouse was 48 m long, 12.8 m wide and 3.3 m high and was oriented east-west. A thermo-reflective mesh with 50% shading was installed to control the temperature inside the greenhouse.
The hybrid Eppo cultivar of bell pepper (Capsicum annuum L.) was cultivated for 252 days beginning 9 November 2012 (mid-spring to early winter). Plants were grown 125 cm apart in 240-L channels 480 cm long, 20 cm wide and 25 cm deep filled with coconut coir and oriented north-south in the soil at a slope of 0.5%. Golden Mix 1 98 coconut-coir substrate was used (Amafibra, Pará, Brazil), whose chemical properties, based on the aqueous-extraction method 1:1.5 (v:v) [14] , were: pH, 5.4; EC, 1.0 dS m
; and in mg L ) from the beginning of fruit development (31 days after planting (DAP)) to prevent the onset of blossom-end rot in the fruit. The fruit was harvested weekly from 76 DAP and continued until the end of the cycle.
Combinations of four N concentrations (6, 9, 12 and 15 mmol L -1
) and four K concentrations (3, 5, 7 and 9 mmol L -1 ) in the nutrient solution were evaluated. N and K concentrations were higher for two treatments and lower for two treatments than those proposed by Castellane and Araujo [15] , namely 11 and 6.3 mmol L -1 of N and K, respectively. These 16 treatments (nutrient solutions) were applied without drainage of the nutrient solution. An additional treatment with the drainage of 10-20% of the fertigated volume was evaluated using N and K concentrations of 12 and 7 mmol L -1
, respectively. The experimental design was a complete randomized block in a 4 × 4 + 1 factorial scheme with three replicates. Each of these 51 plots had a total area of 6.0 m 2 , corresponding to a growing channel containing 12 plants. Each side of the blocks was bordered by a channel with plants.
The N and K concentrations in the nutrient solutions followed levels established for each treatment. The concentrations of the other nutrients for all treatments were those proposed by Castellane and Araujo [15] , which for macronutrients in mmol L Substrate samples were collected 61, 132, 181 and 252 DAP. At each sampling, 2 L of substrate were systematically removed between every two plant per plot, starting from the first plant in a channel. The substrate solution was obtained by an aqueous-extraction method at 1:1.5 (v:v) [14] . The extract was used to determine the total-N concentrations by distillation and titration, and the K concentrations by Inductively Coupled Plasma-Atomic Emission Spectrometry (model Vista MPX, Varian, Mulgrave, Australia). EC was measured by a digital conductivity meter (Model 330i, WTW, Weilheim, Germany).
Three plants per plot were sampled at the end of the harvest. The plants were washed with tap water and then deionized water, dried in a forced-air oven at 65˚C to a constant mass and weighed. Two fruits per harvest per plot were weighed and were similarly processed (washing, drying and weighing). The amount of dry matter of the harvested fruits was subsequently used to estimate the weight of the remaining fruit at the end of the cycle. Macronutrient content was evaluated in the sampled plants to assess the total amount of macronutrient in the plants [17] . Accumulations were obtained by multiplying the concentrations of the nutrients with the plant masses.
Fruits with >70% yellow color were harvested weekly. Fruits were classified into marketable and unmarketable. Only fruits with blossom-end rot were considered unmarketable, and all others were classified as marketable. The number and individual weights of fresh fruit were determined for each class.
The variables of fruit yield were evaluated for all harvests, and the average accumulated values were expressed for every 60 days of harvest (early, intermediate and late harvests) and the end of the harvest. Data were submitted to an analysis of variance by an F test at 5% error probability using the fat2.ad.dbc procedure of the ExpDes.pt R package [18] based on the analysis of a factorial experiment with additional treatments described by Healy [19] .
Results

Chemical properties of the substrate
EC and the N and K concentrations of the substrate solution were not influenced by the interaction between the N and K concentrations (Fig 1 and S1 Table) .
EC of the substrate solution increased over the cycle for all treatments without drainage and for the treatment with drainage (Fig 1 and S1 Table) . EC also increased due to the increase in both the N and K concentrations in the nutrient solution from 132 DAP. EC was lower in the treatment with drainage than the treatments without drainage 61 and 181 DAP but not for the other evaluation periods. Concentrations of 12 and 15 mmol L -1 N and 9 mmol L -1 K 132 DAP exceeded the limit EC suitable for cultivation in substrate of 1.5 dS m -1 [20] . EC of all treatments without drainage exceeded this limit by 181 DAP. The treatment with drainage only exceeded the limit of 1.5 dS m -1 evaluated by 252 DAP.
The N concentration in the substrate was influenced only by the N concentration in the nutrient solution, and N concentrations increased in the substrate with increasing nutrientsolution N concentrations for all evaluation times (Fig 1 and S1 Table) . The N concentration in the substrate also increased throughout the crop cycle, and the higher the N concentration . The K concentrations in the substrate did not differ significantly between the treatments with and without drainage, except for the first evaluation time (61 DAP) when the K concentration was lower in the treatment with drainage. The limit K concentration considered appropriate in the substrate solution of 45 mg L -1 [20] , however, was exceeded in all treatments from the first evaluation time.
Dry mass and accumulation of macronutrients in the plant shoots
The dry mass and accumulation of macronutrients in the plant shoots were not influenced by the interaction between the N and K concentrations (Table 2 and S2 Table) . The nutrient-solution K concentration did not affect the amount of dry matter or the accumulation of macronutrients in the shoots of the bell-pepper plants. The nutrient-solution N concentrations higher than 9 mmol L -1 increased the dry matter and accumulation of N and K in the plant shoots, with no differences until the concentration of 15 mmol L -1
. The dry mass and accumulation of macronutrients did not differ significantly between the treatments with and without drainage.
Production of marketable fruits
Yield and number and weight of marketable fruits were not affected by the K concentration in the nutrient solution, and these variables were not influenced by the interaction between the N and K concentrations (Fig 2 and S3 Table) .
Higher N concentrations in the nutrient solution increased the marketable yield in all crops, with an estimated maximum yield of 8.4 kg m -2 at a concentration of 10.7 mmol L -1 (Fig   2 and S3 the treatment with than without drainage for the late harvest period, as well as in the total harvest. Yield did not differ significantly between the treatments with and without drainage for the first two harvest periods.
The estimated number of marketable fruits per square meter was highest (47.4) at a nutrient-solution N concentration of 13.1 mmol L -1 (Fig 2 and S3 Table) . The estimated marketable fruit weight was highest (184.1 g) at an N concentration of 7.2 mmol L -1 (Fig 2 and S3 Table) . The number of fruits was higher in the treatment with than without drainage only in the last harvest period. The number of fruits, however, did not differ significantly between the treatments with and without drainage considering the total harvest. Fruit weight was higher in the treatment with drainage than in those without drainage in the intermediate and late harvests, as well as considering the total harvest.
Blossom-end rot
The percentage of fruit with blossom-end rot was not affected by the K concentration in the nutrient solution, and this variable was not influenced by the interaction between the N and K concentrations (Fig 3 and S4 Table) . The percentage of fruits with blossom-end rot increased as the nutrient-solution N concentration increased from the 9 mmol L -1 in all harvest periods.
The treatment with drainage had a lower percentage of fruits with blossom-end rot in the early harvest and in the total harvest relative to the treatments without drainage. 
Discussion
Potassium had little influence on pepper yield in a wide range of concentrations in the nutrient solution. Other studies have also reported no differences in bell-pepper yield at K concentrations ranging from 2.75 to 5.0 mmol L -1 [21] , 3.0 to 6.0 mmol L -1 [21] and 2.5 to 7.0 mmol L -1 [22] . Concentrations of 1.5 mmol L -1 [21] and 14 mmol L -1 [22] , however, decreased yield.
Moreover, our results contrasted with those by Johnson and Decoteau [23] , who concluded that at least 6.0 mmol L -1 K in the nutrient solution were required for optimal production.
This concentration is similar to the recommendation of 6.3 mmol L -1 for hydroponics [15] used as a reference in our study.
The initial K concentration of 331.3 mg L -1 in the substrate may also have influenced the reduced need for K in bell-pepper cultivation without drainage. This K concentration, which is considered very high [24] , is within the range of concentrations for most commercial coconut-coir substrates (115.8-2053.7 mg L -1
). The high initial K concentration in the substrate may thus have contributed to the lack of effect of the nutrient-solution K concentrations on fruit yield. The nutrient-solution K concentrations also did not affect the amount of dry matter or the accumulation of K in the shoots, supporting this hypothesis (Table 2 and S2 Table) . Furthermore, the substrate-solution K concentrations throughout the crop cycle were higher than the concentrations considered adequate, 12-45 mg L -1 [20] , for all K levels analyzed (Fig 1 and S1 Table) . Fruit weight and yield have responded positively to high nutrient-solution K concentrations using coconut-coir substrate and an initial K concentration of 24.8 mg L -1 without drainage in melon cultivation [10] , indicating that the initial K concentration in the substrate can affect crop response to this nutrient. The nutrient-solution N concentration that would maximize marketable fruit production was estimated at 10.7 mmol L -1 , very similar to that recommended for the hydroponic cultivation of bell pepper of 11 mmol L -1 [15] used as a reference in our study (Fig 2 and S3 Table) . , however, indicated that these concentrations may be excessive after this time (Fig 1 and S1 Table) . The N concentration of 6 mmol L -1 did not greatly increase the N concentration of the substrate during the culture of the pepper (Fig 1) , i.e. the amount absorbed by the plants was similar to the amount provided by fertigation, indicating that concentrations below the recommended concentration of 11 mmol L -1 [15] may be the most suitable in the harvest period. The maximum yields of marketable fruits at the early, intermediate and late harvests at N concentrations of 12.5, 10 and 6 mmol L -1
, respectively, also indicated that the nutrient-solution N concentration could be modified during the crop cycle.
Higher nutrient-solution N concentrations increased the number of fruits and was the main component influencing increased fruit yield up to 10.7 mmol L -1 (Fig 2 and S3 Table) .
These results were similar to those by Aminifard, Aroiee [25] , who reported increases in the number of fruits per plant with increasing N concentrations. Higher nutrient-solution N concentrations, however, decreased fruit weight and was the main component that influenced the later decrease in fruit production from 10.7 mmol L -1
. These results differed from those by Campos, Oliveira [26] , who reported increases in fruit weight with increased N availability. The negative effect of N on fruit weight may thus have been due mainly to the increase in EC in the substrate solution (Fig 1 and S1 Table) rather than the actual direct effect of N. Rubio, Pereira [27] and Chartzoulakis and Klapaki [28] reported that increasing EC in the nutrient solution decreased fruit weight. Bell pepper is moderately sensitive to salinity, with an EC limit in soil crops of 1.5 dS m -1 (saturation extract), and plant production was estimated to decrease by 14% for every increase of 1.0 dS m -1 [29] . ECs between 0.6 and 1.5 dS m -1 are considered suitable for substrates (aqueous extraction at 1:1.5 v:v) [20] . The upper limit of 1.5 dS m -1 was exceeded at 132 DAP for the two highest nutrient-solution N concentrations (Fig 1 and S1 Table) , which corresponds to the beginning of the intermediate harvest when fruit weight decreased more with increasing nutrient-solution N concentrations (Fig 2 and S3 Table) . These results supported the effect of EC on the decrease in fruit yield with increasing nutrientsolution N concentrations from 10.7 mmol L -1
. Likewise, the higher yield of fruits with blossom-end rot at the highest N concentration (Fig 3 and S4 Table) was likely associated more with the osmotic effect caused by the accumulation of N in the substrate. Rubio, Pereira [27] reported that increasing the EC of the nutrient solution increased the incidence of fruits with blossom-end rot.
K also increased the EC of the substrate above the limit of 1.5 dS m -1 , initially at 132 DAP at the highest K concentration, but without causing losses in fruit yield and its components and without increasing the incidence of fruits with blossom-end rot. These results can be attributed to the effect of K in mitigating the negative effects of salt stress on the growth of bell pepper due to the maintenance of an adequate water status of the plants [30] .
EC increased in the substrate solution (Fig 1 and S1 Table) , even at the lowest nutrient-solution N and K concentrations, at which the accumulation of these nutrients in the substrate solution was lowest (Fig 3 and S4 Table) , possibly due to the accumulation of other nutrients that were not assessed but were present in the nutrient solution. The increase in EC in the solution above the appropriate limit for a given culture has been associated with the rapid loss of fruit yield [29] . However, an increase in EC in the substrate was not enough to affect yield in short-cycle crops without drainage, such as melon in a coconut-coir substrate [10] . The accumulation of salts in the substrate due the lack of drainage for long-cycle crops such as bell pepper, however, is a factor that should be monitored and managed throughout the crop cycle to ensure the success of this system.
Increasing in the drainage percentage at ECs of the drained solution >1.0 dS m -1 relative to the EC of the nutrient solution is suggested for controlling EC in the substrate solution for cultivation with drainage [8] . Monitoring EC and the NO 3 -and K + ion concentrations of the substrate solution is likewise recommended for bell-pepper cultivation without drainage for reducing the nutrient-solution EC when the substrate-solution EC exceeds the limit of 1.5 dS m -1 (aqueous extraction at 1:1.5 (v:v)). Suction probes or syringes can be used for the collection of substrate-solution samples for monitoring EC [31] , because the solution is not drained in this system. Obtaining, daily analysis and monitoring of these data over time is the main basis for the management of the nutrient solution in free-drainage crops [31] and should also be the basis in systems without drainage. The higher fruit yield in the treatment with drainage than in those without drainage (Fig 2  and S3 Table) reinforced the need for excess fertigation to promote the renewal, and control the EC, of the substrate solution. The substrate-solution EC only exceeded the upper suitable limit of 1.5 dS m -1 [20] in the last evaluation period, i.e. at the end of the cycle. Increasing the drainage percentage to avoid substrate salinization is nonetheless recommended when the substrate-solution EC exceeds this limit [8] . It is noteworthy that fruit yield per evaluation period was higher with (3.97 kg m ) and without (mean of 8.00 kg m -2 ) drainage only at the final harvest, favoring the system with drainage. This result demonstrated the feasibility of the system without drainage, because its drawbacks will only will appear at the final phase of the cycle and can be managed.
Conclusions
Bell-pepper cultivation in a fertigated substrate without drainage provided lower fruit production regardless of N and K concentrations compared to the recommended system with 10-20% drainage of the nutrient-solution volume. Higher nutrient-solution K concentrations did not affect plant production in the system without drainage for the coconut-coir substrate with an initial substrate K concentration of 331.3 mg L -1 . Fruit yield increased at a nutrient-solution N concentration of 10.7 mmol L -1 in the system without drainage. However, concentrations of N in the nutrient solution of 13, 11 and 6 mmol L -1 would be more adequate during the early harvest, intermediate harvest and late harvest, respectively. The upper EC limit of the substrate solution was exceeded 181 days after planting in the system without drainage. In this situation, a decrease in the nutrient-solution nutrient concentrations or the use of drainage would be alternatives for controlling the substrate-solution EC. 
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